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Abstract
The present study focused on the potential of an ozone-assisted photocatalytic process using the catalyst silica-functionalized graphene
oxide/ZnO coated on fiberglass (Si-GO/ZnO-FG) in the removal of toluene fromwaste air stream.Here, a comparative examinationwas
performed in terms of toluene removal efficiency in the photocatalytic process (UV/Si-GO/ZnO-FG) and photocatalytic ozonation (O3/
UV/Si-GO/ZnO-FG). The gaseous intermediates resulting from degradation of toluene by different processes were analyzed using GC-
MS. The results of this study indicated that with the addition of ozone to the UV/Si-GO/ZnO-FG process, toluene removal increased
significantly from76.18 to 87.8%. The reason for this incremental efficiency can be explained by the fact that with the addition of ozone,
the production rate and the extent of hydroxyl radical (OH•) production grow significantly; thereby, more pathways are developed for
toluene degradation. Themajor byproducts in toluene oxidation by photocatalytic and photocatalytic ozonation processes include formic
acid, acetic acid, benzyl alcohol, benzaldehyde, p-cresol, hydroquinone, and benzoic acid. Given the intermediates and the dominant
oxidants detected in the aforementioned process, the possible toluene degradation pathway by the utilized process was suggested.
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Introduction
Clearing the air from toxic gaseous pollutants is vital for the
improvement of the air quality in indoor environments and
perseverance of the human health (Mirzaei et al. 2015; Jafari
et al. 2018b; Brdarić et al. 2019). In this framework, volatile
organic compounds (VOCs) are a group of important pollut-
ants in indoor and ambient air; they are widely emitted into the
atmosphere through different industrial processes, vehicle
traffic, storage of solvents, and the processing of various raw
chemical compounds (Ma et al. 2015; Tabari et al. 2017;
Baghani et al. 2018; Arfaeinia et al. 2015). Toluene with the
chemical formula of C6H5–CH3 or C7H8 is one of the domi-
nant volatile organic compounds (so-called phenyl methane
and methyl benzene). It is widely used in industries as solvent
for paints including paint thinners, resin, polishers, perfume,
plastic, print ink, glue, nail polish, and chemical reactants
(Rezaee et al. 2007; Hamid et al. 2019; Ishizaka et al. 2019).
Acute exposure to this compound affects the central nervous
system causing headache, losing control, convulsion, coma,
and death (Larsen and Leira 1988; Goodman et al. 2019).
Toluene is also one of the important VOCs in the indoor air
of buildings; inherent characteristics including high potential
for oxidation and its highly stable structure can be considered
a suitable option to assess the photocatalytic properties of
semi-conductors (Huang and Li 2011; Rezaei et al. 2013b).
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In spite of advantages such as photosensitivity and
suitable energy band for degradation of organic contam-
inants, zinc oxide (ZnO) has disadvantages such as fast
recombination of the photogenerated electron-hole pairs
and photoresponding (Hoffmann et al. 1995; Jafari et al.
2017). A solution to overcome these limitations is the
use of materials with carbon structure (Woan et al.
2009). Graphene as a carbon compound due to inherent
properties including electron interactions with semi-
conductors inhibits recombination of electric charge in
electronic transmission processes, causing enhanced
photocatalytic performance (Fu et al. 2008). However,
in heterogeneous gas-solid photocatalytic processes
which are used for degrading organic wastes, selection
of an appropriate support is an important stage as the
powdered graphene-zinc oxide (GO/ZnO) composite
should be immobilized on a solid-state material before
contact with the gaseous molecules of the contaminant.
Fiberglass is a solid-state material which has recently
been used for stabilizing nano-sized materials exploiting
from low cost, lightweight, easy attachment, suitable
transparency for natural light, and high stability against
ultraviolet radiation as well as excellent mechanical
characteristics (Ma et al. 2013; Wong et al. 2014; Liu
et al. 2012). In our previous study which was recently
published, we successfully immobilized GO/ZnO on fi-
berglass and used it for photocatalytic removal of ben-
zene from polluted air (Jafari et al. 2018a).
Since photocatalysts may be deactivated in response to the
factors such as chemisorption of the intermediates and conse-
quently cause the efficiency of the process to diminish
(Boulamanti and Philippopoulos 2008), great attempts have
been made to prevent deactivation of catalysts and to enhance
the photocatalytic degradation rate. Ozone is a well-known
and strong oxidant which has been reported to exert a positive
effect on preventing deactivation of photocatalysts and im-
proving their recovery (Zhang and Liu 2004). Nevertheless,
the ozone itself has a high oxidizing property causing im-
proved oxidation rate and degradation of organic compounds
in the presence of catalysts (Huang et al. 2017).
In the present study, graphene oxide was functionalized
with silica and coated on fiberglass. In the next stage, ZnO
was coated on the composite just formed in the previous stage
through the simple co-precipitationmethod using chloride as a
precursor. The final composite was then called silica-GO/
ZnO-incorporated fiberglass composite (Si-GO/ZnO-FG).
Next, the synthesized composite was used as a catalyst for
photocatalytic removal of toluene from waste air stream in
the presence of ozone. Eventually, the products and interme-
diates resulting from toluene degradation were determined to
propose the possible pathways and mechanism of
degradation.
Materials and methods
The setup of experiments
A schematic of the reactor and the entire process of experi-
ments is provided in Fig. 1. In this study, a photoreactor made
of Pyrex with a volume of 3.84 L (12 × 12 × 16 cm) was used
which was completely sealed. For uniform air distribution
inside the reactor, an air distributor made of stainless steel
was devised in the input part of the reactor, where the distrib-
utor’s diameter was 6 cm with standard pores of 100–140
mesh. The system consisted of three important parts including
the system to produce the input waste air stream, the reactor of
photocatalytic reactions, and the equipment to read the con-
taminant. The system for generating the input waste air stream
into the reactor included a blower pump, a dryer, a flowmeter,
valves, tubes, connections, a syringe pump, a mixing tank, a
mixer equippedwith an electric fan, a switch key, etc., through
which the concentration of input toluene, the level of humid-
ity, and the input air flow rate into the reactor were regulated
Fig. 1 Schematic flow diagram of the experimental reactor. (1) Air pump, (2) control valve, (3) drier, (4) flowmeter, (5) humidifier, (6) syringe pump, (7)
mixing chamber, (8) sampling port, (9) reactor, (10) UV lamp, (11) catalyst bed, (12) detection apparatus, and (13) ozone generator
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and controlled. An ozone generator (ARDA, model COG-
OM, type 1A) with a capacity of 5 g/h was utilized. The
ultraviolet (UV) lamp used in this study had a power of 8 W,
which was placed vertically in the upper part of the reactor
towards the center. The maximum emission and intensity by
the lamp were 365 nm and 1.52 mW/cm2, respectively. The
catalyst immobilized on the fiberglass was coated with fiber-
glass glue 6 cm away from the UV lamp to the reactor walls
vertically and the reactor’s floor, horizontally.
The photocatalytic ozonation reactor began to operate con-
tinuously using the Si-GO/ZnO-FG composite. Themethod of
preparation, synthesis, and properties of this catalyst have
been presented in detail in our previous study (Jafari et al.
2018a). The reaction system inside the reactor reaches equi-
librium through the following three stages: (1) adjustment of
the humidity and concentration of the input toluene into the
reactor—the relative humidity and concentration of input tol-
uene were adjusted by adjusting the input gas flow rate and
keeping it constant until reaching a specific and constant value
and then entering into the reactor. (2) Toluene adsorption equi-
librium: the toluene concentration and the input relative hu-
midity before and after the reactor were measured. The point
at which the extent of input and output reaches a constant
value, dynamic equilibrium, developed between adsorption
and desorption, after which UV lamp was turned on. (3)
Toluene degradation equilibrium: after turning on the UV
lamp and starting the degradation process, the output toluene
concentration gradually decreased to get stable, when the deg-
radation reactions reach the equilibrium state. After this stage,
the data of removal experiments can be noted down. In each
run of experiments and before the experiments with UV radi-
ation, the reactor was placed in a dark condition for 30 min so
that the adsorption-desorption equilibrium would develop be-
tween the contaminant and catalyst. The input and output
toluene concentrations were determined as in interval and not-
ed down. Tomeasure the toluene concentration, the PhoCheck
5000 PID device was employed. The extent of removal effi-
ciency was calculated by the following formula:
X ¼ Cin−Cout
Cin
 100
where X represents the extent of removal efficiency (%). Cin
and Cout denote the toluene concentrations in the input and
output of the reactor (mg/m3). To ensure the accuracy of the
results, all experiments were replicated for three times.
Determining the byproducts and mechanism
of toluene degradation
To determine the byproducts resulting from degradation of tol-
uene by the O3/UV/Si-GO/ZnO-FG process, an experiment
was designed in an optimal state (initial concentration,
100 ppm; relative humidity, 35%; ozone dosage, 0.1 g/h; flow
rate, 7.5 L/min; temperature, 25 °C) and then conducted. For
this purpose, to collect gaseous products, an impinge containing
carbon disulfide (CS2, HPLC grade) was placed in the reactor
out and the output air of the reactor was passed through this
bottle for 1 h (off the equilibrium time). In addition, after com-
pletion of the mentioned reaction, the utilized catalytic bed was
separated from the reactor and washed by carbon disulfide.
After this stage, the products obtained from these two processes
were mixed together and were injected into gas chromatogra-
phy (G1530N, Agilent) equipped with mass spectrometry
(5973N, MS, Agilent) to determine the byproducts resulting
from their degradation. For calculation of the carbon dioxide
density (CO2) in the reactor output, a CO2 measurement device
(Testo 535, Germany) was utilized. This device measures CO2
concentration within the range of 0–9999 ppm using a dual-
channel infrared sensor. Furthermore, to measure the carbon
monoxide (CO) concentration, a portable CO detector (CO-
mètre CO 50, Kimo Instruments, Inc. Canada) was used. The
measurement range of this detector was 0–1000 ppm. In order
to measure the density of CO2 and CO in the reactor output, the
device sensor was placed inside a chamber to be exposed to the
output air stream leaving the reactor. Once the byproducts were
identified, by means of previous studies and relying on the
principles of chemistry, the possible pathway of toluene degra-
dation in the photocatalytic ozonation process by the synthe-
sized catalyst (O3/UV/Si-GO/ZnO-FG) was proposed.
Results and discussion
Catalytic activity test in toluene degradation
The efficiency of different processes of UV (only), O3 (only),
O3/Si-GO/ZnO-FG, UV/Si-GO/ZnO-FG, and O3/UV/Si-GO/
ZnO-FG in toluene removal (within the range of 50–
200 ppm) at the flow rate of 7.5 L/min of the waste air stream
was examined. As observed in Fig. 2, toluene removal efficien-
cy decreases with elevation of the initial input concentration
through these processes. In heterogeneous catalytic processes,
the factors determining the rate-controlling stage include mass
transfer and superficial reaction (Hong et al. 2007). Figure 2
shows that the direct degradation of toluene by UValone or O3
alone has been negligible. This low removal efficiency is attrib-
utable to its aromatic structure, and toluene can hardly be de-
graded directly by these two processes (Huang and Li 2011). In
a catalytic ozonation process with Si-GO/ZnO-FG, the removal
efficiency of this contaminant reached around 15–17% in the
best case. Toluene removal on the surface of metal oxides is
strongly dependent on the capacity of ozone decomposition and
formation of active oxygen species (Dhandapani and Oyama
1997; Rezaei et al. 2013a). Therefore, the low toluene removal
efficiency by the O3/Si-GO/ZnO-FG process can be attributed
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to low ZnO capacity in ozone decomposition (Huang et al.
2015). In the UV-Si-GO/ZnO-FG process, with elevation of
the initial concentration from 50 to 200 ppm, toluene removal
efficiency decreased from 76.18 to 41.35%. This high efficien-
cy is mostly due to the photocatalytic activity of the Si-GO/
ZnO-FG nano-composite. In the presence of UV, photoexcita-
tion of the catalyst particles causes development of electron-
hole pair, and the very high reduction potential of these excited
electrons results in development of OH•. As it is clear in Eqs. 1–
7, OH• and the developed positive holes cause degradation and
decomposition of contaminant molecules (Wang et al. 2002;
Mehrizadeh et al. 2017).
Si−GO=ZnO−FGþ hυ→Si−GO=ZnO−FG hþVBð Þ
þ Si−GO=ZnO−FG e−CBð Þ ð1Þ
O2 þ Si−GO=ZnO−FG e−CBð Þ→O2−* ð2Þ
O2−* þ Hþ→HO2* ð3Þ
HO2* þ O2−*→HO2− þ O2 ð4Þ
2HO2*→O2 þ H2O2 ð5Þ
H2O2 þ hυ→2OH* ð6Þ
H2O2 þ e−CB→OH− þ OH* ð7Þ
With high concentration from 50 to 200 ppm, toluene re-
moval efficiency by the UV/O3/Si-GO/ZnO-FG process has
decreased from 87.3 to 52.61%. The diminished removal ef-
ficiency with the rise of input toluene concentration can
also be attributed to the increased level of the contaminant
molecules applied in each column per unit of time.
Therefore, the ratio of active sites to the number of toluene
molecules diminishes at higher input concentration, caus-
ing faster saturation of the catalyst bed (Kwong et al.
2008). Saturation and blockage of active sites of the sur-
face of photocatalysts result in the diminished production
of OH• and other active species, thereby reducing the re-
moval efficiency of toluene (Nath et al. 2014).
The removal efficiency grew significantly after the addition of
ozone to the UV/Si-GO/ZnO-FG process, where through the
photocatalytic ozonation process (UV/O3/Si-GO/ZnO-FG), tolu-
ene removal efficiency was higher than the sum of photocatalytic
processes (UV/Si-GO/ZnO-FG) and ozonation alone (O3
(alone)). Hence, combining these two processes brings about a
suitable synergistic effect. Also, after a course of utilization,
photocatalysts were deactivated in response to aggregation of
the intermediates of degradation of contaminants on their surface
and blockage of the active available sites (Lewandowski andOllis
2003; Piera et al. 2002). Nevertheless, this phenomenon is not
observed in the photocatalytic ozonation process, and with the
addition of ozone, the durability and reusability of photocatalysts
increased. The photocatalytic ozonation process includes several
multiple sub-processes including the photocatalytic process (UV/
Si-GO/ZnO-FG), ozone photolysis (UV/O3), catalytic ozonation
(O3/Si-GO/ZnO-FG), and their synergistic processes due to their
interactions, occurrence of which altogether causes improved re-
moval efficiency of toluene from the waste air stream.
To corroborate the mineralization of toluene in these pro-
cesses, the concentration of carbon oxides (COx) was deter-
mined in the outlet stream. Figure 3 indicates the concentra-
tion of CO or CO2 produced from toluene degradation via
different processes. As can be seen from Fig. 3, no CO and
CO2 were observed during the adsorption, indicating that no
toluene was oxidized. As for the UV/Si-GO/ZnO-FG, the out-
let concentration of CO and CO2 reached 78 and 316 ppm,
respectively. As for the O3/UV/Si-GO/ZnO-FG, the outlet
concentration of CO and CO2 reached 96 and 362 ppm, re-
spectively. These results also suggested that the mineralization
efficiency grew significantly after the addition of ozone.
Fig. 2 Toluene removal
efficiency under different
processes (initial concentration,
50–200 ppm; relative humidity,
35%; ozone dosage, 0.1 g/h; flow
rate, 7.5 L/min; temperature,
25 °C)
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The catalyst stability test
The photocatalyst stability and its potential for constant re-
moval of organic contaminants are among very important
factors in photocatalytic processes. To evaluate the stability
of the synthesized photocatalyst, the experiments were con-
ducted during six runs under the same conditions. After each
stage, the catalyst coated with the contaminant was placed
Fig. 3 The concentration of COx
under different processes (initial
concentration, 100 ppm; relative
humidity, 35%; ozone dosage,
0.1 g/h; flow rate, 7.5 L/min;
temperature, 25 °C)
Fig. 4 Reusability profiles of Si-
GO/ZnO-FG during repetitive
experiments
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inside sodium hydroxide (NaOH 2 N, as the desorbed agent).
Then, toluene photocatalytic degradation experiments from
waste air stream by Si-GO/ZnO-FG were performed with five
replications, with their results presented in Fig. 4. As can be
seen, photocatalytic activity of Si-GO/ZnO-FG still remained
high after five runs. This suggests that the catalytic activity of
the synthesized photocatalyst can easily be reversed after re-
covery and slight deactivation occurs for this catalyst.
Degradation of byproducts and mechanism
The mechanism of decomposition of volatile organic com-
pounds through the photocatalytic ozonation process is far more
complicated than that of photocatalytic processes. In the photo-
catalytic process, OH• resulting from oxidation of the absorbed
water or absorbed OH−1 is known as the initial oxidant, and the
photocatalytic degradation reaction is typically controlled by this
radical (Yu and Lee 2007). However, with the addition of ozone
to the photocatalytic process, the O3/UV/Si-GO/ZnO-FG pro-
cess develops, in which several processes including UV/Si-GO/
ZnO-FG, UV/O3, O3/Si-GO/ZnO-FG, and other processes exist
in them due to interaction. Concerning the decomposition of
toluene by the O3/UV/Si-GO/ZnO-FG process, there come
two crucial issues: (1) what are the dominant oxidants? (2)
How is toluene decomposed by these oxidants?
In the O3/UV/Si-GO/ZnO-FG process, oxidation of tolu-
ene does not occur only on the photocatalyst surface (through
UV/Si-GO/ZnO-FG and O3/Si-GO/ZnO-FG processes), as it
rather occurs in the gaseous bulk (through the UV/O3 pro-
cess). Therefore, in addition to OH• radical, radical oxygen
(O•) is also one of the main causes of decomposition.
Accordingly, the higher removal efficiency of toluene using
Table 1 Intermediate species of toluene degradation
Intermediates Process
UV-O3 UV/Si-GO/
ZnO-FG
O3/UV/Si-GO/
ZnO-FG
Formic acid ✓ ✓ –
Acetic acid ✓ ✓ –
Benzyl alcohol ✓ – –
Benzaldehyde ✓ ✓ ✓
p-Cresol ✓ – –
Hydroquinone ✓ ✓ –
Benzoic acid ✓ – ✓
Fig. 5 Possible degradation pathway of toluene molecule under the O3/UV/Si-GO/ZnO-FG process
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the catalytic ozonation process can be attributed to greater
production of radicals in this process (Huang and Li 2011).
If the entire input toluene (100 ppm) is completely miner-
alized and changed into CO and CO2, 700 ppm carbon oxides
should have been formed in the output. However, the sum of
CO and CO2 detected has been less than 450 ppm (see Fig. 3),
suggesting the fact that some trace intermediates have also
been produced during toluene decomposition by the photocat-
alytic ozonation process used in this study.
The byproducts resulting from toluene decomposition in
the process used here (O3/UV/Si-GO/ZnO-FG) are shown in
Figs. S1–S3 as well as Table 1.
As can be seen, formic acid, acetic acid, benzyl alcohol, benz-
aldehyde, p-cresol, hydroquinone, and benzoic acid are the major
byproducts in toluene oxidation by the photocatalytic and photo-
catalytic ozonation processes. In the UV/O3 process, formic acid,
acetic acid, benzyl alcohol, benzaldehyde, p-cresol, hydroquinone,
and benzoic acid were observed as the byproducts. In the UV/Si-
GO/ZnO-FG process, formic acid, acetic acid, benzaldehyde, and
hydroquinone were observed. In comparison with the two previ-
ous processes, the type and relative frequency of the intermediates
have diminished significantly with the addition of ozone to the
process, such that in the O3/UV/Si-GO/ZnO-FG process, only
benzaldehyde and benzoic acidwere observed. The reason is high
OH• formation rate in the photocatalytic ozonation process
(Frankcombe and Smith 2007). In a study conducted by Liu
et al. (2019)), nano-diamond-decorated ZnO catalysts were used
for photocatalytic degradation of gaseous toluene and they report-
ed similar intermediates. According to literature (Sleiman et al.
2009), the transformation from toluene to CO2 included three
processes: (1) toluene reacted rapidlywith •O2
− species to generate
benzaldehyde and benzoic acid gradually, (2) benzoic acid was
then confirmed to be oxidized rapidly into oxalic acid that dem-
onstrated the opening of the aromatic ring and decomposed into
CO2 and H2O finally, and (3) toluene converted into some less
reactive/less toxic intermediate with linear structure, including
benzene and hydroxylated intermediates (benzaldehyde, benzoic
acid, etc.) that were much hardly mineralized to CO2.
According to the abovementioned oxidants and the
byproducts observed by GC-MS, the possible toluene degra-
dation pathway by the photocatalytic ozonation process stud-
ied here is shown in Fig. 5. Nevertheless, the proposed mech-
anism cannot fully explain toluene degradation due to the
absence of convincing evidence. Also, due to the existence
of many small pathways, the decomposition pathway is highly
complex and cannot be proposed with certainty (Huang and Li
2011; Huang et al. 2016).
Conclusion
This is the first research focusing on a combined and Si-GO/
ZnO-FG catalyst via UV photolysis to enhance toluene
degradation with ozone-assisted oxidation. The results of this
study indicated that the addition of ozone to the photocatalytic
process in the presence of the mentioned catalyst has effec-
tively caused the elevation of toluene degradation efficiency.
It was also observed that the number of gaseous byproducts in
the O3/UV/Si-GO/ZnO-FG process has been much lower than
that of UV/Si-GO/ZnO-FG. The enhancement effect is mostly
attributed to the oxidants that have been formed alongside OH
as well as more pathways and high OH production rate. In the
photocatalytic ozonation process, OH• and O• have been
among the main causes of toluene oxidation. According to
the observed byproducts and relying on the principles of
chemistry, the possible pathway was proposed for toluene
decomposition via the photocatalytic ozonation process in
the presence of Si-GO/ZnO-FG.
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